Despite the major physiological dissimilarities between mature root regions and their tips, differences in their gene expression profiles remain largely unexplored. In this research, the transcriptome of rice (Oryza sativa L. subsp. japonica) mature root tissue and root tips was monitored using mRNA-Seq at two time points. Almost 50 million 76 bp reads were mapped onto the rice genome sequence, expression patterns for different tissues and time points were investigated, and at least 1106 novel transcriptionally active regions (nTARs) expressed in rice root tissue were detected. More than 30 000 genes were found to be expressed in rice roots, among which were 1761 root-enriched and 306 tip-enriched transcripts. Mature root tissue appears to respond more strongly to external stimuli than tips, showing a higher expression of, for instance, auxin-responsive and abscisic acid-responsive genes, as well as the phenylpropanoid pathway and photosynthesis upon light. The root tip-enriched transcripts are mainly involved in mitochondrial electron transport, organelle development, secondary metabolism, DNA replication and metabolism, translation, and cellular component organization. During root maturation, genes involved in cell wall biosynthesis and modification, response to oxidative stress, and secondary metabolism were activated. For some nTARs, a potential role in root development can be put forward based on homology to genes involved in CLAVATA signalling, cell cycle regulators, and hormone signalling. A subset of differentially expressed genes and novel transcripts was confirmed using (quantitative) reverse transcription-PCR. These results uncover previously unrecognized tissue-specific expression profiles and provide an interesting starting point to study the different regulation of transcribed regions of these tissues.
Introduction
As one of the most important crop plants worldwide and an excellent model system for monocotyledonous plants, rice has been intensively studied in the past decades. The availability of the complete genome sequence of the cultivated rice strains Oryza sativa L. subsp. japonica and subsp. indica (Goff et al., 2002; Yu et al., 2002) has provided the means to perform genome-wide transcriptome analyses (Ma et al., 2005; Jiao et al., 2009; Sato et al., 2011; Wang et al., 2011) .
The transcriptome represents a comprehensive set of transcribed regions throughout the genome. Studying transcriptome dynamics provides important insights into the functional elements of the genome, their expression patterns, and the regulation of transcribed regions in different tissues and under different conditions. Various technologies have traditionally been applied to deduce and quantify the transcriptome, such as cDNA or expressed sequence tag (EST) library sequencing, microarray hybridizations, and serial analysis of gene expression (SAGE). However, these techniques have different drawbacks such as low throughput, high cost, low sensitivity, and cloning bias. The most frequently applied technique for gene expression profiling, microarray hybridization, suffers from high background signals (e.g. Miller et al., 2002; Bengtsson et al., 2004) and relies on the need for pre-determined probes designed against known target sequences, making it unable to identify novel transcribed regions. In addition, probes cover only a portion of the annotated gene and hence the complete gene structure is not represented.
The development of next-generation high-throughput RNA sequencing technologies, called (m)RNA-Seq, provides a novel method for identifying, mapping, and quantifying transcriptomes. It has already been demonstrated that deep RNA sequencing is a powerful tool for comparing gene expression and discovering the full extent of 5#-and 3#-untranslated regions, novel splice junctions, novel transcripts, alternative transcription start sites, and rare transcripts (Cloonan et al., 2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008; Sultan et al., 2008; Wilhelm et al., 2008; Zhang et al., 2010) . The results of RNA-Seq also show high levels of reproducibility, for both technical and biological replicates (Cloonan et al., 2008; Nagalakshmi et al., 2008) .
The application of RNA-Seq on different rice cultivars (Lu et al., 2010) and different tissues of subsp. indica revealed a substantial amount of novel transcripts and alternative splicing patterns in 33-48% of genes, far more than expected from previous estimations for rice and Arabidopsis thaliana L., demonstrating the complexity of the rice transcriptome. Several of the novel transcribed regions were organ specific and/or had a low transcript level . Based on microarray hybridizations, several studies noticed large differences in the transcriptome between different plant tissues of, for example, Medicago truncatula (Benedito et al., 2008) , soybean (Glycine max; Libault et al., 2010) , Arabidopsis (Birnbaum et al., 2003; Aceituno et al., 2008) , and rice (Jiao et al., 2009; Wang et al., 2011) . Microarray studies on Arabidopsis and Populus root apices have demonstrated that they have a quite particular transcriptome set (Birnbaum et al., 2003; Cohen et al., 2010) . In rice, data on diverse cell types at different developmental time points (Jiao et al., 2009) have revealed large qualitative and quantitative differences consistent with functional specialization. The transcriptome of each cell type was distinct, consisting of transcripts from 6000 to 16 000 genes.
Here, the mRNA-Seq approach was applied on hydroponically grown rice to analyse the transcriptome of rice mature root tissue and rice root tips with nucleotide resolution at two developmental time points. In the present study, an overall assessment of gene profiles of rice mature root and root tips was acquired by deep sequencing. The molecular basis of the physiological processes during rice root maturation have been comprehensively characterized and promising leads for further research are provided.
Materials and methods
Plant growth conditions and tissue collection Oryza sativa L. cv. 'Nipponbare' (GSOR-100, USDA) was germinated in the dark on wet filter paper at 30°C for 5 d and then transferred to SAP-substrate (Reversat et al., 1999) and further grown at 26°C under a 12 h/12 h light regime (150 lmol m À2 s
À1
). When the seedlings were 12 d old they were transferred to a hydroponic system containing Hoagland solution, and the whole plant was exposed to the 12/12 h light regime. The hydroponic solution was not aerated, and never renewed during the experiment. If needed, the volume was replenished with Hoagland solution to cover the root system. At 2 d and 6 d after transfer to hydroponics, root tissues were sampled, each time after 4 h light. The root tips, encompassing the meristem and the elongation zone, were excised with a scalpel from the remaining root system ('mature root'; Supplementary Fig. S1 available at JXB online), and both tissues were immediately frozen in liquid nitrogen. Multiple independent biological replicates, each containing a pool of six different plants, were sampled for mRNA-Seq (two or three biological replicates) and reverse transcription-PCR (RT-PCR) or quantitative RT-PCR (qRT-PCR) validation (two biological replicates). RNA was extracted using the RNeasy Plant Mini Kit (Qiagen), with an additional sonication step after addition of RLT buffer (Qiagen).
Library preparation and Illumina GAII sequencing. Approximately 2 lg of total RNA from rice mature root tissue and rice root tips were used for mRNA-Seq library construction according to the manufacturer's recommendations (Illumina, mRNA Sample Preparation Guide, September 2009). The mRNA was isolated from total RNA using oligo(dT)-attached magnetic beads and subsequently fragmented using divalent cations under elevated temperature. First-strand cDNA was generated with reverse transcriptase and random primers. After second-strand cDNA synthesis and adaptor ligation, cDNA fragments of ;200 bp were isolated by gel electrophoresis. cDNA fragments were amplified by 18 cycles of PCR using the multiplexing primers from the 'Multiplexing sample preparation kit'. The denatured library was diluted to a final concentration of 6 pM and loaded on a single read flow cell. Multiplexing was applied to minimize lane effects. After cluster generation, the multiplexed library was sequenced on an Illumina Genome Analyzer II (76 cycles). Raw data were deposited in the Gene Expression Omnibus of NCBI.
Mapping reads to genome data and annotated transcripts Reads were mapped to the O. sativa subsp. japonica reference genome (build MSU6.0) in two phases using TopHat (Trapnell et al., 2009, version 1.3 .1) and Cufflinks (Trapnell et al., 2010, version 1.0.3) . This software requires Samtools (Li et al., 2009, version 0.1.12a ) which was downloaded from http://samtools.sourceforge. net/. The Bowtie index was constructed with the 'bowtie-build' command (Langmead et al., 2009, version 0.12.7 ) from the chromosomal fasta files at ftp://ftp.ensemblgenomes.org/pub/release-10/ plants/fasta/oryza_sativa/dna/. In the first phase, the reads from all samples were mapped together using TopHat, maximizing sensitivity, to create the input file for Cufflinks. The Ensembl reference annotation in GTF format (ftp://ftp.ensemblgenomes.org/pub/ release-10/plants/gtf/oryza_sativa/) was used to provide established junctions via the '-G' option. Further standard parameters were used with the exception of the following options: -bowtie-n, -initialread-mismatches 1, -g 10, -a 10, -m 1, -i 30, and -solexa1.3-quals. The next step consisted of applying Cufflinks to construct a minimal set of transcripts using reference annotation-based transcript (RABT) assembly (Roberts et al., 2011) , again based on the Ensembl MSU6 GTF annotation file. Standard settings were used with the exception of the following options: -u, -I 500000, and -minintron-length 30. In the second phase, all samples were remapped separately using the same TopHat settings with the following two exceptions: the 'transcripts.gtf' output from Cufflinks was used to supply junctions and '-no-novel-juncs' was added to prevent TopHat from introducing new sample-specific junctions that were not detected in the first phase.
Identification of novel transcriptionally active regions (nTARs)
The Cufflinks program used in the first stage of read mapping generates a GTF file inlcuding all transcripts annotated in MSU6 and putative novel transcripts derived from the present data. All putative nTARs marked as splice variants of known genes were excluded, resulting in an initial list of 5164 putative nTARs. A manual inspection of the corresponding locations revealed that some of these putative nTARs were still located within intronic regions. As it cannot be completely excluded that reads located in the introns of previously annotated genes might have originated from as yet unspliced transcripts (due to the sequencing protocol), these nTARs were disregarded in further (nTAR-related) analyses.
Comparison of putative nTARs with previously reported genomic regions and transcripts Since the publication of the MSU6 genome, many new transcripts have been reported in recent research papers. The remaining putative nTARs were searched for more recently annotated genes by performing a local BLAST search (BLAST 2.2.25+) against NCBI's nt, est_others, refseq_genomic, refseq_rna and other_genomic databases downloaded from ftp://ftp.ncbi.nlm.nih.-gov/blast/db/ on 12 August 2011. Settings for the BLAST search matched those of NCBI's megablast service with the exception that all filters were turned off. The MSU6 genome was also included in the databases searched.
The BLAST comparison of the nTARs with previously reported transcribed fragments from O. sativa cv. Nipponbare by Lu et al. (2010) was performed as follows. Since the transcribed fragments were reported relative to the IGSPR4 rice genome, a direct comparison of locations is impossible. To circumvent this incompatibility, the sequences of all reported continuously transcribed fragments in cv. Nipponbare provided in the article's supplementary materials were extracted. These sequences were then used to construct a new BLAST database against which the putative nTARs were searched using 'megablast' settings without filters.
Validation and functional annotation of nTARs Verification of transcript annotation by BLAST was performed in BioPerl 1.6.1 using the 'RemoteBlast' module. Blast searches against the Swiss-Prot and trEMBL database (1 July 2011) and all predicted rice proteins (file 'all.pep' version 6.1 on http://rice.plant biology.msu.edu/) were performed with an E-value cut-off of 1e-4. Homologues of the nTARs in rice ESTs (downloaded from the NCBI dbEST) were searched by tblastx (E < 1e-4). A subset of 25 nTARs was randomly selected for independent validation by RT-PCR (see below).
Calculation, normalization, and profiling of gene expression Expression was quantified per sample and per gene as the sum (count) of all reads mapped to the respective gene exons. Splice variants were treated as a single gene. The mapping parameters in TopHat allow multiple locations to be reported per sequenced fragment. This complicates quantification of the absolute amount of transcriptional activity. Here, however, the focus is on the relative gene expression between conditions, which is less affected since reads mapping to an ambiguous region will most probably map in a similar fashion across samples.
Coverage of transcripts (including nTARs) was estimated as the number of mapped reads in a locus multiplied by 76 bp divided by the summed exon length of the locus (as determined by Cufflinks).
Expression profiles were assessed using the R-package 'baySeq' (Hardcastle and Kelly, 2010, version 1.5 .1) which implements a Bayesian approach to allocate likelihoods that a given variable supports a pre-defined set of models. Four models of interest for the sequencing data were defined: equal expression among all samples, time-dependent expression (mature roots at 2 d versus mature roots at 6 d), tissue-specific expression (mature root versus root tips), and a complex interaction bin to prevent forced allocation to any of the previous models (mature root tissue at 2 d versus mature root tissue at 6 d versus tips at 2 d versus tips at 6 d). The tissue-specific expression model was designed to detect genes that are consistently differentially expressed between the two tissues, independent of the maturity of the tissue. It has to be noted here that this analysis might be biased due to potential timeinvariant gene expression in the root tip and time-variant gene expression in the mature zone. The time-dependent expression model was only performed on mature root tissues to detect genes that are differentially expressed during root maturation.
All likelihoods were estimated using the negative binomial model and standard options with the following exceptions: priors were estimated with 10-fold sampling of all variables, and posteriors were estimated with 10 bootstraps. baySeq takes into account differences in gene length (here estimated by the summed exon length) and library size (total sum of reads per sample). To compensate for artificial differences in read distributions, baySeq was provided with adjusted library sizes. The original library sizes were multiplied by additional normalization factors per sample that were calculated using the methods described in Robinson and Oshlack (2010) with standard settings as implemented in the edgeR package (version 2.0.3).
Recent versions of the baySeq package (1.5 or higher) also provide false discovery rates (FDRs). Genes were deemed to be significant for a given model (i.e. 'equal expression', 'differentially expressed') when the FDR for that gene in this specific model was <0.05.
Twenty differentially expressed genes (DEGs) were randomly selected for independent validation by qRT-PCR (see below). The expression level of each transcript in each tissue/time point was estimated as the average of the number of reads detected across the two or three biological replicates. The fold change (FC) between tissues or in time is calculated as the ratio of [the average number of reads +1] (to avoid 0 values) in these tissues/times. Log 2 values of FC were used for further analyses.
Gene Ontology (GO), Kegg Orthology (KO), and enrichment analyses GO analysis and GO enrichment was performed using the Singular Enrichment Analysis (SEA) of agriGO (Du et al., 2010) with Rice MSU6.0 as reference background. Hypergeometric tests with Benjamini and Hochberg FDRs were performed using the default parameters to adjust the P-value.
Parametric Analysis of Gene Set Enrichment (PAGE) (Kim and Volsky, 2005) was also executed in agriGO. PAGE is based on differential gene expression levels (Log 2 FC). The Benjamini and Hochberg FDR was determined using the default parameters to adjust the P-value.
KAAS (KEGG Automatic Annotation Server; Moriya et al., 2007) was used to functionally annotate differentially expressed genes by BLAST comparisons against the manually curated KEGG GENES database. The BBH (bi-directional best hit) option was used to assign KO terms (representative gene data set for eukaryotes + monocots). The KEGG Orthology database (http://www.genome. jp/kegg/ko.html) was used for pathway mapping and BRITE mapping. In addition, MapMan (Thimm et al., 2004) was used to visualize the expression of genes onto metabolic pathways.
Validation of mRNA-Seq by RT-PCR and qRT-PCR RNA was DNase treated, and first-strand cDNA synthesis was performed using SuperScript II Reverse Transcriptase (200 U ll À1 ;
Invitrogen). RT-PCR was executed using the following programme: 5 min at 95°C and 40 cycles of (45 s at 95°C, 45 s at 55°C, 30 s at 72°C) and a final extension of 5 min at 72°C. The 'qPCR Core Kit for SYBR Green I no ROX' (Eurogentec, Seraing, Belgium) was used in all qRT-PCR analyses. All qRTPCRs were performed in three technical replicates in the RotorGene 3000 (Corbett Life Science) using Rotor Discs (Qiagen), and the results were generated by the Rotor-Gene 6 software. qRTPCRs were performed under the following conditions: 10 min at 95°C and 45 cycles of (25 s at 95°C, 60 s at 58°C, and 20 s at 72°C). After the PCR, a melting curve was generated by gradually increasing the temperature to 95°C to test the amplicon specificity. The chromosomal location of the validated transcripts, primer sequences, and reaction efficiencies are presented in Supplementary  Table S1 at JXB online. Data were analysed using the REST 2008 software (Corbett Research; Pfaffl et al., 2002) .
Results

Rice transcriptome data set
To obtain a global view of the transcriptome of the rice root, high-throughput RNA sequencing using Illumina sequencing technology was performed on poly(A)-enriched RNAs (mRNA-Seq) from root tips, including the meristem and elongation zone, and the remaining root tissue (without root tips, hereafter called 'mature root'). Plants were grown in a hydroponic system and root tissues were collected at two developmental stages: 2 d and 6 d after transfer of the rice seedlings to Hoagland solution. For each tissue, two or three biological replicates were sequenced. In total, 49 139 481 reads were acquired from mature root tissue and root tips at the two time points. The data have been submitted to the GEO repository (GSE30367). The short reads were aligned against the whole reference genome sequence of cv. Nipponbare (MSU6.0) and it was found that per sample 43.5-56.9% of the sequenced reads could be uniquely mapped (Table 1 ). The total length of uniquely mapped reads was ;1.8 billion bases, representing ;4-fold the rice genome size and ;24-fold coverage of the annotated transcriptome. In addition to unique mapping, many reads were mapped to multiple locations, leading to a total of 317 962 455 mapped reads.
The expression of 30 786 transcripts was detected in the mature root tissue while 30 186 transcripts were detected in the root tips. By summing up the number of reads per annotated or unnatotated locus, the expression level of the corresponding transcript was quantified per sample. To correct for gene length, library size, and read distribution biases, a normalization factor was applied (see the Materials and methods). When looking at both tissues and time points, the highest average number of reads per sample was detected for a putative DnaK family protein (LOC_Os11g47760, average of 37 654 reads per sample), followed by elongation factor Tu (LOC_Os03g08060, average of 26 367 reads per sample). Other genes with very high expression levels in both tissues are, for example, two heat-shock proteins (LOC_ Os09g30418, 6806 reads per sample; LOC_Os09g30439, 19 922 reads per sample); two RNA recognition motifcontaining proteins (LOC_Os03g46770, 8233 reads per sample; LOC_Os12g43600, 4952 reads per sample), two tubulin/FtsZ domain-containing proteins (LOC_Os11g14220, 6557 reads per sample; LOC_Os03g51600, 3988 reads per sample), two ubiquitin family proteins (LOC_Os06g46770, 6133 reads per sample; LOC_Os02g06640, 13 690 reads per sample), phenylalanine ammonia-lyase (LOC_Os02g41630, 7127 reads per sample), and many ribosomal proteins (e.g. 60S, LOC_Os08g02340 with 3171 reads per sample and LOC_Os12g38000 with 3634 reads per sample; 40S, LOC_ Os03g05980 with 3456 reads per sample and LOC_ Os11g29190 with 2878 reads per sample).
GO of all loci detected to be expressed in the rice root tissue
In total 30 876 previously annotated rice loci were detected to be expressed in the data set. GO analysis and assessment of enrichment of all detected annotated transcripts was executed using SEA in agriGO. A total of 1014 GO terms were significantly enriched in the whole data set compared with the reference rice genome data. The distribution of transcripts belonging to the different secondary level GO terms and GO enrichment are shown in Supplementary Fig.  S2A -D at JXB online. Supplementary Fig. S2D shows that 11 secondary level GO terms are enriched in both tissues for the category 'biological process', five of the 'cellular component' category, and five GO terms of the 'molecular function' category. The highest percentage of genes identified in both mature root and tip transcript data sets belong to the GO biological process categories 'cellular process' and 'metabolic process' ( Supplementary Fig. S2A ); the cellular component 'cell' and 'cell part' ( Supplementary Fig. S2B ); and the molecular functions 'catalytic activity' and 'binding' (Supplementary Fig. S2C ).
Differential expression analysis revealed that 7686 transcripts (23% of all detected transcripts) showed a statistically significant equal expression (FDR < 0.05) in all samples analysed. This set included the reference genes from the qRT-PCR experiments (LOC_Os03g27010, LOC_Os11g21990, and LOC_Os07g02340), confirming their stable expression. This gene set was significantly enriched for the following secondary level GO terms of the biological process category: 'signalling', 'regulation of biological process', 'cellular component organization', 'biological regulation', 'death', 'cellular process', 'signalling process', 'metabolic process', 'establishment of localization', 'localization', 'response to stimulus', and 'cellular component biogenesis'. In terms of molecular function these genes showed enrichment for transcripts with 'molecular transducer activity', 'transporter activity', 'structural molecule activity', 'catalytic activity', 'binding', and 'enzyme regulator activity'.
Detection of nTARs in rice root tissue
The feasibility of discovering novel transcripts, alternative splicing, and extensions of known genes by next-generation RNA sequencing has been demonstrated Lu et al., 2010) . The reliability of such discoveries increases with sequencing depth and benefits from paired-end or directional mRNA-Seq designs to link exons. Given the present single-end experimental design, a conservative approach was chosen to detect putative nTARs among these reads. Using TopHat, all sequences were mapped to detect potential exon junctions and unannotated transcribed regions. The complete set of mapped reads was passed to Cufflinks to assemble a set of putative nTARs. The locations of the resulting nTARs were matched against known O. sativa MSU6 genes. Cufflinks also discovered a series of potentially novel splice variants of known genes. Although the reliability of these putative transcripts is limited given the single-end sequencing protocol, a full list of genes and exons, established and putative, is included in the supplementary materials (Supplementary files 1 and 2). Putative gene extensions were marked with an '-ext' suffix.
All nTARs overlapping known exons were excluded, resulting in 5164 putative nTARs (see the Materials and methods). After excluding the putative nTARs overlapping intronic regions, 2650 putative nTARs remained. The sequences of these remaining putative nTARs were BLASTed against the public nucleotide, reference genome, and reference transcripts databases of all organisms. Forty putative nTARs returned no results at all. These were typically short, single exon putative nTARs with low sequence complexity and were excluded from further analyses because mappings in these regions were considered unreliable. A total of 1089 sequences returned no (m)RNA or cDNA BLAST results for O. sativa subsp. japonica, while 1521 sequences showed homology to an EST or cDNA clone record for subsp. japonica, thus supporting tentative transcripts not yet included in the MSU6.0 genome. The 2610 putative nTARs were further compared with the transcribed fragments reported by Lu et al. (2010) to be expressed in O. sativa cv. Nipponbare (whole plants) to check for the root specificity of the putative nTAR loci detected in the current study. A BLAST search was able to match 1504 of the 2610 putative nTARS to transcribed fragments reported by Lu et al. (2010) located on the same chromosome, demonstrating the reliability of the approach used here in the identification of rice transcripts and the additional detection of at least 1106 nTARs, present in root tissue. Table 2 shows an overview of the summed exon length, number of tags, and approximate coverage of the 2610 nTARs versus the expressed annotated rice loci identified in this study. The predicted nTARs were substantially shorter than the annotated loci and have a lower number of reads (median of 26 reads for the nTARs versus 132 in the annotated loci), illustrating that this analysis has identified transcripts that are relatively short and expressed at lower levels than the annotated loci. Figure 1A illustrates the distribution of the summed exon length of the putative nTARs identified in this study. The majority of these transcripts have a length of 301-600 bp, and 312 of them are shorter than 150 bp. Figure 1B shows the ranked distribution of the approximate sequencing coverage of the nTARs. A randomly selected subset of 25 nTARs was independently validated using RT-PCR (Fig. 1C) . All of them confirmed the computationally predicted expression pattern and intron. For instance, Fig. 1D shows an example of the H2G2-browser, representing a highly transcriptionally active region detected on chromosome 6 (putative_ nTAR.13456), with indications of intron/exon arrangement, for which a total of 997 tags were detected in the sample set. This nTAR was experimentally validated to be expressed in both mature root tissue and root tips.
Potential functions of these nTARs were searched for using multiple approaches. The putative nTARs were blastX-ed against all rice proteins, and 748 nTARs resulted in a significant transcript hit (Supplementary  Table S2 at JXB online; E < 1e-4), with an average of 39.6% overlapping sequence. These 748 nTARs are potential paralogues of previously annotated loci. One hundred and forty-one of the annotated paralogues were found on the same chromosome as the nTAR. A SwissProt/trEMBL search was executed to detect known signatures, and for 1276 nTARs a hit was found with a known protein family or domain (Supplementary Table S2 ) (E < 1e-4), among which 674 matched to a 'putative uncharacterized protein' from O. sativa (641 nTARs) or another plant species (mainly Zea mays or Sorghum bicolor). For 381 nTARs, a functional annotation could be found based on paralogy or orthology with known genes from O. sativa or other plants.
Based on this homology, loci probably coding for, for example, subtilisin-like protein, cyclin-A1-2, DNA (cytosine-5)-methyltransferase, DNA2-NAM7 helicase family protein, long chain acyl-CoA synthetase, E3 ubiquitinprotein ligase, anaphase-promoting complex subunit 1, phytosulphokine receptor, callose synthase, and peroxidase were found, as well as a locus probably coding for SPIKE1 (putative_nTAR.8321), important for actin-dependent cell morphogenesis (Basu et al., 2008) , and some actin-binding proteins such as kinesin and villin.
The 2610 nTARs were analysed to detect KEGG orthologues using KAAS, and 67 KO terms were found (Supplementary Table S2 at JXB online). Thirteen of these novel transcripts are predicted to belong to the KO term 'ko01100: metabolic pathways', among which three belong to 'ko01110 Biosynthesis of secondary metabolites'. Four transcripts are predicted to have a function in the cell cycle (ko04110), three are attributed to 'ko03040 Spliceosome', and another three to 'ko03010 Ribosome'. The majority of the nTARs belong to the BRITE functional category 'enzymes' (27 hits), nine are categorized as 'chromosome', and four are probably coding for transcripts involved in the 
Differential gene expression between mature root and root tip
Differentially expressed genes: A total of 33 486 transcripts (annotated loci and nTARs) were found to be expressed in the analysed root tissues. Of these, 17 117 showed a higher expression in mature root tips, while for 16 287 a higher number of average reads per sample was detected in root tips (and 85 showed an equal average expression in both tissues). Using baySeq, a total of 2067 loci significantly differentially expressed between mature root tissue and root tips were identified (FDR < 0.05; Supplementary Table S3 at JXB online). Of these, 1956 were annotated and 111
were not yet annotated in MSU6 (hence nTARs). A total of 1761 DEGs (among which 82 nTARs) showed a significantly higher expression level in mature root tissue ('root-enriched transcripts'), and 306 transcripts (among which 29 nTARs) were significantly more abundant in the root tips ('tipenriched transcripts'). Since inadequate normalization could cause such differences between the number of root-and tipenriched transcripts, this was evaluated using an MA-like plot. The results demonstrated only minor effects of normalization and validated the presence of primarily rootenriched transcripts in the set of DEGs ( Supplementary  Fig. S3 ). For the DEGs, Log 2 FC of average mature root expression versus average expression in the tip ranged from -6.99 to 11.0. Among the 111 nTARs showing differential expression patterns between root tips and mature root tissues, 52 had not been detected before in the mRNA-Seq study on rice subsp. japonica (Lu et al., 2010) .
Validation by qRT-PCR: Technical and biological variation of the data was checked by performing qRT-PCR on 20 randomly chosen DEGs in independent biological samples grown under the same conditions. A comparison between the results from qRT-PCR and the mRNA-Seq analysis of these genes is shown in Table 3 . The same expression trend was found in both analyses for all genes (binomial test P ¼ 5.96e À8 ), although it must be noted that the results for down-regulation were slightly less consistent. The small variations in Log 2 FC values are most probably due to a combination of effects: biological variation, the different mathematical models used to calculate expression levels from either qRT-PCR or mRNA-Seq data, and regression to the mean: as DEGs detected by sequencing are called with more confidence if the Log 2 FC is higher, some overestimation is expected. This could also explain the less consistent results for down-regulation: since the absolute Log 2 FC is lower, the regression to the mean has a relatively large impact.
Root-and tip-enriched transcripts: Among the root-enriched transcripts, the highest Log 2 FC (in comparison with root tips) was detected for a b-expansin precursor (LOC_ Os09g29710), several chlorophyll A-B-binding proteins (e.g. LOC_Os06g21590, LOC_Os02g10390, and LOC_ Os08g33820), two ribulose bisphosphate carboxylase small Table 3 . Experimental validation using qRT-PCR on two independent biological replicates of the estimated expression level of a subset of 24 root-or tip-enriched transcripts identified in this mRNA-Seq study Log 2 FC values are given of the transcript level in roots versus root tips as estimated by both techniques. chain, chloroplast precursors (LOC_Os12g17600 and LOC_Os12g19381), and two genes involved in abscisic acid (ABA) stress ripening (LOC_Os01g73250 and LOC_ Os04g34600). Also, a significantly higher expression in mature root tissue versus root tips was found for a glyceraldehyde-3-phosphate dehydrogenase (LOC_Os04g38600) involved in glycolysis, and a ZOS1-17-C2H2 zinc finger protein (LOC_Os01g63980), belonging to a family of plant transcription factors with a wide range of functions. This latter gene shows close homology to the Arabidopsis proteins WIP5 and TRANSPARENT TESTA1 involved in seed coat development (Sagasser et al., 2002) . Also, 82 nTARs revealed a root-enriched expression pattern (Supplementary Table S1 at JXB online). Among the tip-enriched transcripts, the highest differential expression was detected for LOC_Os12g02160, coding for a hypothetical protein, LOC_Os05g47950 and LOC_ Os09g34270, coding for UDP-glucoronosyl and UDPglucosyl transferase domain-containing proteins, and LOC_Os04g30320, coding for F-box/leucine-rich repeat (LRR)-repeat protein 14, a cyclin-like F-box involved in ubiquitination. A strong, tip-enriched, transcriptional activity of LOC_Os04g24340 and LOC_Os04g24460, both coding for phytase, the enzyme that breaks down phytate to release phosphate, was also detected. In addition to that, LOC_Os06g46995, an armadillo/b-catenin repeat family protein, possibly involved in intercellular junctions and signalling cascades, was significantly highly expressed in the root tips in comparison with mature root tissue. In addition, the tip-enriched expression of 29 putative nTARs (Supplementary Table S1 ) was detected, including, for example, putative_nTAR.15495 (on chromosome 8), a predicted orthologue of a retrotransposon protein (LOC_Os06g14830), and a DNA gyrase paralogue (putative_nTAR.9425). DNA gyrase is a protein that catalyses topological transformation of DNA and appears to be essential for plant growth and development, more specifically through its importance in the development of organelles (Cho et al., 2004) .
Pathway mapping of DEGs: With KO searches, 262 KO terms were detected in the root-enriched transcripts. These genes belong mainly to the KEGG pathways 'metabolic pathways' (93), 'biosynthesis of secondary metabolites' (48), 'photosynthesis' (22), and 'microbial metabolism in diverse environments' (18). They belong to the BRITE functional categories 'Enzymes' (124), 'Photosynthesis proteins' (33), 'Transcription factors' (9), and 'Ubiquitin system' (7). Eightyseven KO terms were detected in the tip-enriched transcripts. The majority of them belong to KO 'ribosome' (18), 'metabolic pathways' (13), and 'biosynthesis of secondary metabolites' (5), and the BRITE functional categories 'Enzymes' (25), 'Ribosome' (18), 'Chaperones and folding catalysts' (5), and 'Chromosome' (4).
KO term and BRITE functional category representation of all DEGs between mature root and root tips is shown in Fig. 2 . Most of the DEGs (103) belong to the KO 'metabolic pathways', with 51 of them classified as being involved in 'biosynthesis of secondary metabolites'. Other KEGG pathways with a high number of hits are, for example, 'ribosome', 'plant hormone signal transduction', 'glycolysis', 'phenylpropanoid biosynthesis', and 'starch and sucrose metabolism'. The fact that the DEGs show a high number of genes involved in photosynthesis can be explained by the fact that the roots were exposed to light in the hydroponic culture. To check the extent of the influence of light on the identified DEGs, six randomly selected DEGs were validated by qRT-PCR in root samples of the same age, grown in solid SAP medium (Reversat et al., 1999) , hence without light influence, and all predicted expression patterns were confirmed (data not shown). The largest group of DEGs belong to the BRITE functional category 'Enzymes' (145). Also, 'Photosynthesis' (33), 'Ribosome' (18), Transcription factors (9), and 'Chaperones and folding catalysts' (9) are highly represented.
GO analyses: Using agriGO, PAGE was executed on relative expression levels (Log 2 FC) of the two analysed tissues: mature root tissue versus root tips. The PAGE analysis identified a total of 1139 GO terms in the whole data set, among which 329 were significantly enriched in either mature root tissue or tips (Supplementary Table S4 at JXB online). Figure 4A shows the Z-scores of all secondary level GO terms of the transcript data of mature root tissue and tips. Mature root tissue is most enriched for secondary level GO terms 'catalytic activity', 'binding', and 'metabolic process', while tips have the highest Z-scores for transcripts belonging to 'structural molecule activity', 'macromolecular complex', and 'organelle'.
Mapman was used to visualize the expression patterns of mature roots and root tips in terms of metabolic pathways (Fig. 3A) . The results show a higher expression in the roots of many genes involved in glycolysis, light reactions, photorespiration, and flavonoid and phenylpropanoid metabolism (represented in more detail in Fig. 3B ). In the data set, a very high expression of many enzymes of the phenylpropanoid pathway was detected, and their expression was in general higher in the mature roots than in the tips. Six phenylalanine ammonia lyase orthologues were detected to be expressed in the analysed tissues, with all of them showing higher expression in the mature root tissue versus the root tips. Also, other genes involved in phenylpropanoid metabolism, such as chalcone synthase genes (LOC_ Os11g32650, LOC_Os04g01354, and LOC_Os07g11440), two chalcone-flavonone isomerase genes (LOC_Os11g02440 and LOC_Os12g02370), and six cinnamoyl-CoA reductase genes (LOC_Os08g34280, LOC_Os01g45200, LOC_ Os09g25150, LOC_Os08g17500, LOC_Os05g5025, and LOC_Os03g60279) were more abundant in mature root tissue, whereas these transcripts were almost undetectable in the root tips.
In the root tips, many transcripts involved in mitochondrial electron transport are more abundant (Fig. 3C) , indicating increased mitochondrial activity, probably to provide energy for growth and development of the root primordium.
Differential expression during root maturation
To detect genes that are potentially involved in root maturation, a comparison was made between the transcriptome of the mature root tissues at 2 d and 6 d after transfer to hydroponics. A total of 862 genes were found to be differentially expressed during root maturation (FDR < 0.05), with 276 down-regulated and 586 up-regulated in time. This is lower than the number of DEGs detected between mature root tissue and root tips (2067 DEGs), implying more substantial transcriptome differences between root tips and mature root tissues than in time. The Log 2 FC values of the expression at time point 6 d versus 2 d ranged between -9.2 and 11.1. The genes with significant up-regulation during maturation included isoflavone reductase (LOC_Os01g01660) and chalcone synthase (LOC_ Os11g32650), both involved in isoflavonoid biosynthesis. Also, a ZIM domain-containing protein (LOC_ Os10g25230), possibly involved in jasmonate signalling (Vanholme et al., 2007) , was highly induced at the later time point, as were 13 peroxidase precursors and 12 SCPlike extracellular proteins. At the later time point, several genes potentially involved in cell wall remodelling (Péret et al., 2009) were up-regulated during root maturation, including polygalacturonase (LOC_Os05g20020), five expansin precursors, and two genes coding for subtilisin-like proteases: OsSub12 (LOC_Os02g10520) and OsSub3 (LOC_ Os01g52750). These genes might play a role in lateral root formation through their effect on the cell wall of the root cells.
The differential expression in time (Log 2 FC) between the two analysed time points was also analysed using PAGE. A total of 119 GO terms were identified to be significantly enriched at one of the time points (Supplementary Table S5 at JXB online). Again, the number of differences along the developmental gradient are fewer than the differences between the two tissues, where 329 GO terms were found to be enriched.
The Z-scores of all secondary level GO terms when comparing the two time points are represented in Fig. 4B . At the later time point, the secondary GO terms 'cell wall organization or biogenesis' and 'reponse to stimulus' (mainly response to oxidative stress) were significantly enriched in terms of biological processes. Data from this time point were significantly enriched for transcripts from the cellular component 'extracellular region'. In the category molecular function, significantly more GO terms were detected from 'antioxidant activity', 'catalytic activity', and 'binding' when the roots were more mature. At the earlier time point, on the other hand, the secondary level GO terms 'structural molecule activity', 'organelle', 'organelles part', 'macromolecular complex', and 'membrane-enclosed lumen' were significantly enriched in comparison with the older root systems.
The MapMan visualization ( Supplementary Fig. S3A at JXB online) showed that cell wall biosynthesis/modification, and secondary metabolism are up-regulated during root maturation, more specifically the phenylpropanoid pathway, simple phenol production, flavonoid production, and nitrogen metabolism (Supplementary Fig. S4B ).
Discussion
The results presented herein describe the gene-level transcriptome of rice mature root tissue (without root tips) and root tips (encompassing the meristem and elongation zone) at two developmental stages. In total 49.1 million 76 bp reads were generated. The expression of >30 000 annotated rice loci was detected in the root tip and mature root tissue. On average, 692 reads were detected per identified annotated transcript, providing a coverage of 24.4-fold the annotated transcriptome. In comparison, a transcriptome atlas of rice cell types using microarray analyses (Jiao et al., 2009) only detected the expression of 24 822 genes in at least one of 40 different laser capture-microdissected rice cell types, among which only ;10 000 were detected to be expressed in the root tip. Other microarray-based studies detected the expression of ;20 000-25 000 genes in rice roots (Sato et al., 2011; Wang et al., 2011) . In addition to the annotated transcripts, the analysis uncovered 2,610 putative nTARs expressed in these tissues.
Comparing transcriptomes using mRNA-Seq
The root transcriptome of rice and other plants has previously been studied under different stress conditions using microarray hybridization (Dubey et al., 2010; Mattiello et al., 2010; Sato et al., 2011; Wang et al., 2011) . As far as is known, the transcriptome of the root apex has also been analysed for Arabidopsis (Birnbaum et al., 2003) , poplar (Cohen et al., 2010) , and soybean (Libault et al., 2010) , but data on its expression profile and the comparison with the transcriptome of the rest of the root system are limited. The approach used here identified >2000 DEGs, at a cut-off of 5% FDR, with differential expression patterns between mature root tissue and their root tips grown in hydroponic culture for 2 d and 6 d.
When comparing the transcriptome of mature root tissue versus root tips, a comparable number of transcribed loci was identified in both tissues (mature root tissue, 30 786 transcripts; root tips, 30 186 transcripts) and GO analysis revealed a similar GO representation in both tissues. However, qualitative and quantitative differences were detected between mature roots and root tips, consistent with functional specialization, maturation, and different responsiveness towards external stimuli. Many genes involved in metabolism, and more specifically secondary metabolism, showed significant changes between mature root tissue and their root tips. One of the most remarkable of these is the phenylpropanoid pathway, which is responsible for the biosynthesis of many metabolites, such as lignin precursors, flavonoids, and hydroxycinnamic acid esters (Boudet, 2000) . It has been shown before that this pathway is highly active in mature root tissue, probably related to root lignification, and that it is induced by light in Arabidopsis shoots and roots (Jenkins et al., 2001; Hemm et al., 2004) . This activation of the phenylpropanoid pathway was stronger at the later time point, showing that this phenomenon is related to maturation of the root.
Although the hydroponic conditions used in this study are excellent to standardize procedures, the difficulty in fully isolating culture effects from real tissue-dependent expression patterns remains a limitation of this study. To check the extent of culture effects on the identified DEGs, six randomly selected DEGs were validated by qRT-PCR in dark-grown roots in solid SAP medium (Reversat et al., 1999) , and all predicted expression patterns were confirmed (data not shown). However, one differential expression profile that was detected in this study can be definitely related to culture effects: the expression of photosynthesis genes. Although their expression in root tissue is not generally seen in soil-grown plants (Wang et al., 2011) , the present data show that light, to which the roots were passively exposed under the hydroponic growth conditions, has strongly activated photosynthesis in the mature root tissue. Three of these genes were again selected for qRT-PCR validation in dark-grown roots. Although their expression was still detectable in the dark, their expression was lower than in light-exposed roots, and the differential expression between roots and tips was not observed in dark-grown roots (data not shown). It is known (Flores et al., 1993) that roots can develop chloroplasts and will induce light-dependent CO 2 fixation in the cortical cells when they are exposed to continuous light. In comparison with the root tips, the mature root tissue seemed to be significantly more sensitive to light exposure and this might be due to the fact that the cortical cells in the root apex are not yet fully differentiated.
In multicellular organisms, cell-cell communication is essential for coordinating growth and differentiation of cells into new tissues and organs. Hormones, amongst other compounds, act as signalling molecules in plants by mediating physiological responses. Similar to Wang et al. (2011) and Cohen et al. (2010) , the present analysis detected the differential expression of many genes involved in phytohormone response in root tissues. It is known, for instance, that the ABA pathway is involved in the repression of lateral root development (De Smet et al., 2003; Deak and Malamy, 2005) . Many ABA-responsive transcripts were found to be differentially expressed in the present study, for example mRNA levels of three genes coding for ABA stress-ripening proteins (LOC_Os11g06720, LOC_Os01g73250, and LOC_ Os04g34600) and several calcium/calmodulin-dependent protein kinases (e.g. LOC_Os10g41490, LOC_Os03g43440, LOC_Os07g05620, LOC_Os02g34600, and LOC_Os03g59390) are significantly more abundant in the mature root tissue than in the tips. On the other hand, OsPSY2 (LOC_ Os12g43130), one of three rice orthologues of phytoene synthase, which is responsible for biosynthesis of ABA and other carotenoids (Welsch et al., 2008) , was significantly more highly expressed in the tips than in the mature root tissue, suggesting that ABA might be produced at the root primordium and is transported from there towards the rest of the root system where it induces ABA-responsive genes. It is known that ABA synthesis does occur in roots but that ABA can be produced in greater amounts or at an earlier stage in leaves and then is transported to the root (Thompson et al., 2007) . However, within roots, Zhang and Tardieu (1996) reported that biosynthesis of ABA occurs predominantly in root tips. Recently, Ernst et al. (2010) found that the majority of ABA biosynthetic genes in maize roots were only significantly expressed in the elongation region of roots as a response to water stress. Upon drought stress, Wang et al. (2011) and Cohen et al. (2010) detected a strong root-specific up-regulation of genes involved in the ABA response, and the root tissue seemed to respond more strongly to stress in comparison with the shoots (Cohen et al., 2010) . It has to be noted that the ABA responses that were observed here are not as strong as the differential expression patterns detected in drought-stressed plants by Wang et al. (2011) and Cohen et al. (2010) . Nevertheless, in addition to its role in root development, the induction of the ABA pathway observed in this study may be explained by minor salt stress that the roots might have experienced in the hydroponic solution (full-strength Hoagland).
Genes involved in auxin signalling were also differentially regulated between mature root tissue and root tips. Through complex interactions with each other, hormone pathways have been demonstrated to be responsible for the regulation of root development (Sun et al., 2009; ShkolnikInbar and Bar-Zvi, 2010) . The auxin pathway is responsible for root initiation and development, and lateral root formation (De Smet et al., 2010) . Local concentration gradients of auxin are thought to determine the positioning of organ primordia and stem cell niches and to direct cell division, expansion, and differentiation. Peterson et al. (2009) revealed the existence of a gradient of indole-3-acetic acid (IAA) concentration within the Arabidopsis root apex, with the highest IAA concentration occurring in the quiescent centre cells. A relatively high IAA concentration was also observed in the cortex, endodermis, and apical parts of the stele. In Arabidopsis, auxin response genes are highly expressed in the root stele (Birnbaum et al., 2003) . Similarly, the mature rice roots show a significantly higher expression of some well-characterized auxin response genes such as OsIAA16 (LOC_Os05g09480), OsSAUR12 (LOC_Os02g52990), OsSAUR29 (LOC_Os06g50040), OsSAUR11 (LOC_ Os02g42990), and OsSAUR10 (LOC_Os02g30810), and different auxin efflux carrier components (LOC_ Os09g32770, LOC_Os06g44970, LOC_Os09g38130, and LOC_Os01g58860). Also OsGH3.2 (LOC_Os01g55940) and OsGH3.3 (LOC_Os01g12160) are significantly more highly expressed in the mature root tissue than in the root tips, while OsGH3.1 was only weakly expressed in both analysed tissues. The GH3 gene family codes for IAA-amido synthetases that remove excess IAA by inactivating it.
The complexity and diversity of the auxin biosynthesis pathways in different species, and even its diversity between plant organs (Benjamins and Scheres, 2008; Soeno et al., 2010) , makes it tricky to search for auxin biosynthesis genes in the rice data set. Information about its biosynthesis is only available from Arabidopsis functional genomics studies, where a plethora of genes have been identified to be implicated. In Arabidopsis, auxin biosynthesis occurs in both aerial portions of the plant and in roots, with an important auxin source in the meristematic region of the root tip (Ljung et al., 2005) . An important role for tryptophan-dependent IAA synthesis pathways in the roots has been observed (Ljung et al., 2005) . The only rice gene that has been described in detail to be necessary for IAA biosynthesis via the tryptophan-dependent pathway is OsYUCCA1 (LOC_ Os01g46290; Yamamoto et al., 2007) . This gene is only weakly expressed in the rice root tissue analysed in the current study, and no differential expression patterns were observed.
Ten AP2-domain-containing proteins were detected to be differentially expressed between mature root tissue and root tips. The AP2 domain is a DNA-binding domain, commonly ethylene responsive, and members of the AP2/ERF (ethylene response factor) superfamily are implicated in a variety of biological processes in plants, such as development, and abiotic and biotic stress responses (Okamuro et al., 1997) . In the mature root tissue six AP2-domaincontaining genes were significantly more highly expressed: (i) LOC_Os05g25260, coding for a homologue of the CRF (cytokinin response factor) gene family of Arabidopsis which have previously been shown to control cell differentiation during the development of embryos, cotyledons, leaves (Rashotte et al., 2006) , and roots (Dello Ioio et al., 2007) ; (ii) LOC_Os09g25600, orthologous to At1g16060, for which the function is unknown; (iii) LOC_Os09g26420, with no close homologue in Arabidopsis; (iv) LOC_Os05g36100, orthologous to the Arabidopsis ethylene-responsive transcription factors ERF115 and ERF114; and (v) LOC_ Os10g25170 and (vi) LOC_Os03g08460, both coding for homologues of HRE1 (also known as ERF073), and described to be responsive to anaerobic conditions (Licausi et al., 2010) . This last example again points to the higher sensitivity of mature root tissue versus root tips to the growth conditions.
On the other hand, and potentially interesting in terms of their function in root development, four AP2-domaincontaining genes were detected to be more highly expressed in the root tips. The first one, LOC_Os01g46870, codes for another homologue of the CRF gene family of Arabidopsis. The second one, LOC_Os11g03540, codes for a protein closely related to two Arabidopsis proteins: the ethylene-responsive transcription factors (i) WRI1 (WRINKLED1; required for seed germination and seedling establishment; Cernac et al., 2006) and (ii) AIL5 (AINTEGUMENTA-like 5), involved in embryo development, germination, and seedling growth, and described to be expressed in the Arabidopsis root meristem by Tsuwamoto et al. (2005) . The third one, LOC_Os12g03290, is again closely related to WRI1 and AIL5 as well as to PLETHORA1 (PLT) and PLT2, for which a root gradient has been proven to regulate development of the growing Arabidopsis root primordium (Galinha et al., 2007) . In Arabidopsis, polar auxin transport (as already discussed above) determines the root stem cell position and activity together with the combinatorial action of PLT1 and PLT2 (Aida et al., 2004) and SCARECROW (Sabatini et al., 2003) . The fourth one, LOC_Os06g44750, reveals high homology to BABY BOOM (BBM) genes from different organisms. BBM is implicated in the differentiation of embryonal stem cells from somatic cells, cell proliferation, and root formation (Imin et al., 2007) .
In addition, different cell cycle genes showed differential expression patterns between the two tissues. For instance, in root tips, a higher expression was detected for cyclindependent kinase A-1 (LOC_Os03g02680) and a putative cyclin (LOC_Os10g41430). In mature root tissue, a significantly higher expression of three putative cyclins was detected (LOC_Os05g26070, LOC_Os05g25950, and LOC_Os02g43550). In addition, LOC_Os11g47890 and LOC_Os04g50060, coding for members of the GRAS family transcription factors and with high homology to SCARECROW-like proteins, are highly up-regulated along the developmental gradient of the rice root. SCARECROW expression in the quiescent centre of the root apex regulates stem cell specification and maintenance of the neighbouring cells, and it has recently been shown that this gene stimulates S-phase progression of the cell cycle during Arabidopsis leaf development (Dhondt et al., 2010) .
When comparing the mature root transcriptome at two time points, it was found that only a minor set of transcripts was more abundant at the first developmental time point. At the later time point on the other hand, secondary metabolism, oxidative stress response, and cell wall organization/ biogenesis were induced, similar to what was found by Li et al. (2011) during early maize brace root development. These findings suggest that root maturation is correlated with the activation of a large set of genes over time. Reactive oxygen species are emerging as important modulators of developmental processes in plants, such as root hair outgrowth and root gravitropism and elongation (Foreman et al., 2003) , and the current study also showed an induction of oxidative stress response along the developmental gradient. Remarkably, 290 nTARs revealed differential expression during root maturation. For these and many of the annotated genes that were detected to be up-regulated along the developmental gradient, full functional annotation is not yet available and hence elucidating their potential role in general root maturation among plants merits further study.
Identification of unannotated transcripts by mRNA-Seq
In addition to its importance in differential expression analysis, the major value of mRNA-Seq lies in its potential to uncover the expression of unannotated regions. Whereas array technology relies on the need for sequence information of annotated genes or previously identified ESTs to design probes, mRNA-Seq provides sequence reads of all transcribed regions. In this study, 2610 putative transcriptionally active regions have been identified that were not included in the EnsemblPlants database, and the expression in rice root tissues was independently validated for a subset of them. This study has shown with this experimental RT-PCR validation that computationally predicted nTARs are trustworthy transcribed regions. Among them, potential new paralogues, extensions of known transcripts, and loci showing differential expression between mature root tissue and root tips were detected.
For a mere 15% of these nTARs, a potential function could be hypothesized based on the presence of known protein domains, including protein kinases, receptors, membrane proteins, transcription factors, and genes involved in chromosome binding and assembly. Novel transcripts potentially involved in cell cycle regulation were identified, such as putative_nTAR.461 on chromosome 1, a potential paralogue of CYCA1-2, a key regulator of the cell cycle, and putative_nTAR.776, paralogous to the CYCB2 genes described by Lee et al. (2003) as promoting cell division probably through association with CDKB2 in the rice root meristem. The highly expressed putative_nTAR.15638 has a close homology to the LRR receptor-like serine/threonineprotein kinase ERECTA from Arabidopsis, which is known to be involved in leaf organogenesis by modulating leaf cell expansion, cell division, and cell-cell contact, mainly in the epidermis (Tisne et al., 2011) , but for which no root function has been proposed to date.
Among the nTARs, genes involved in hormone signalling were also detected, for instance an orthologue of a putative RING-H2 finger protein ATL49 from Arabidopsis (putative_nTAR.6416). Members of this gene family have been suggested to be involved in embryogenesis and ABA response (Serrano et al., 2006) . Other nTARs probably involved in hormone responses in the roots are putative_nTAR.14336, coding for an auxin-responsive protein IAA3, and putative_nTAR.14241, predicted to code for an ethylene-responsive element-binding factor-like protein.
Beside hormones, secreted signalling peptides have also been shown to be involved in intercellular communication and development of plant organs. Several peptide ligands have been discovered in plants that are involved in a broad range of developmental processes such as cell division (e.g. phytosulphokine) and stem cell maintenance (e.g. CLAV-ATA3). Interestingly, loci potentially involved in peptide signalling were detected among the nTARs. For instance, putative_nTAR.5680 and putative_nTAR.5681 show homology to phytosulphokine receptors of Daucus carota and A. thaliana, respectively. Putative_nTAR.16565 probably codes for a peptide ligand CLE (CLAVATA3/ENDO-SPERM SURROUNDING REGION-related) protein.
Putative_nTAR.5904 on the other hand is orthologous to the LRR receptor-like serine/threonine-protein kinase BAM1 of Arabidopsis. BAM receptors are required for meristem function and regulate stem cell specification and organ development through interactions with CLAVATA signalling (Deyoung et al., 2008) . Although the role of CLE signalling in shoot apical meristem maintenance has been well studied, much less is known about its role in the root apical meristem where a number of CLEs are also known to be expressed in Arabidopsis (Wang and Fiers, 2010) .
In general, the exact function of these and many other nTARs remains largely unknown, and further studies are needed to shed more light on their potential role in (rice) root physiology, architecture, development, and/or maturation.
Conclusion
In the present study, an overall assessment of gene profiles of rice mature root and root tips was acquired by deep sequencing. This mRNA-Seq study reliably discovered novel and weakly expressed transcripts, and detected qualitative and quantitative differences between mature root tissue and root tips. The independent experimental validation using (q)RT-PCR proved the predicted novel transcripts and differential expression patterns to be correct. The data provide an unprecedented coverage of the rice mature root and root tip transcriptome, including documentation of expression from annotated and unannotated genes, and also provide accurate quantification of low abundant transcripts. The molecular bases of the physiological processes during rice root development have been comprehensively characterized and promising leads for further research have been provided.
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